Giant spin canting in the S = 1/2 antiferromagnetic chain [CuPM(N03)2(H 2 0)2] 

observed by 13 C-NMR 
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We present a combined experimental and theoretical study on copper pyrimidine dinitratc 
[CuPM(N03)2(H20)2]n, a one-dimensional S = 1/2 antiferromagnet with alternating local sym- 
metry. From the local susceptibility measured by NMR at the three inequivalent carbon sites in 
the pyrimidine molecule we deduce a giant spin canting, i.e., an additional staggered magnetization 
perpendicular to the applied external field at low temperatures. The magnitude of the transverse 
magnetization, the spin canting of (52±4)° at 10 K and 9.3 T and its temperature dependence are 
in excellent agreement with exact diagonalization calculations. 

PACS numbers: 75.50.Ee, 76.60.Cq, 75.10.Jm, 75.50.Xx 
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One-dimensional quantum magnets show a rich vari- 
ety of magnetic ground states, such as spin liquids with 
quantum critical behavior or gaps in the spin excitation 
spectrum The ideal 5=1/2 antiferromagnetic 

Heisenberg chain (5 — 1/2 AFHC) with uniform nearest- 
neighbor exchange coupling is of particular interest, since 
it is exactly solvable using the Bethe ansatz equations 
01 IE El Its ground state is a spin singlet with gapless 
excitations in contrast to 5 = 1 Haldane-gap systems. 

The ground state properties of the 5=1/2 AFHC 
are highly sensitive to even small modifications, which 
often result in real spin chain systems from a low lattice 
symmetry. The case of an alternating local environment 
of the magnetic ion can be treated theoretically includ- 
ing the Dzyaloshinskii-Moriya (DM) interaction and/or 
a staggered g tensor ^both as consequence of the residual 
spin-orbit coupling 0j la ■ Whereas the Heisenberg ex- 
change JSjSj + i prefers collinear spin arrangements, the 
DM interaction D(Sj x Sj+i) prefers canted ones. This 
can be described by the Hamiltonian 



H = J^[S s: S m - h a Sf - (-iyh s Sf] 



(1) 



which includes the effective uniform field h u = g/isH/J 
and the induced staggered field h s oc H perpendicular 
to the applied magnetic field H . We refer to this as the 
staggered 5 — 1/2 AFHC model. An essential result is 
the opening of a spin excitation gap in external fields, 
with the excitation spectrum consisting of solitons, anti- 
solitons and their bound states called breathers |8|, |9j ■ 

This model has been used to describe several 1-D spin 
chain systems, that is, copper benzoate 0, 0, copper 
pvrimidine dinitrate [CuPM(N0 3 )2(H 2 0)2]n (CuPM) 
GfllUGI and CuC1 2 ■ 2(dimethylsulfoxide) How- 
ever, generic features of this model, i.e., the magnitude 



and direction of a transverse staggered magnetization 
m s ± and its temperature dependence have not been ver- 
ified experimentally by now. 

In this Letter we report the first direct observation of 
the staggered magnetization m s ± in a 5 = 1/2 linear 
chain, i.e. CuPM, via a detailed 13 C-NMR study. We 
compare our data with exact diagonalization calculations 
based upon the staggered 5=1/2 AFHC model. At 10 
K and 9.3 T the transverse magnetization gives rise to a 
giant spin canting of (52±4)° with respect to the external 
field. This observation manifests the strong influence of 
spin orbit coupling in this system. 

We measured the local susceptibility via the NMR 
frequency shift S at three inequivalent carbon sites in 
the pyrimidine molecule as a function of temperature 
and magnetic field orientation. The transverse staggered 
magnetization m s ± is identified both (ij as a low temper- 
ature deviation from the linear correlation between local 
and macroscopic susceptibility and (ii) from the orien- 
tation dependence of 5 at a fixed temperature. The ob- 
served magnitude (m s ± w 0.13 /ib at 10 K in 9.3 T) and 
its temperature (T) dependence are in excellent agree- 
ment with the staggered 5 = 1/2 AFHC model. 

Single crystals of CuPM have been grown as described 
previously |l4j . The Cu ions form uniformly spaced 
chains parallel to the short ac diagonal of the mono- 
clinic crystal structure. The intrachain magnetic ex- 
change pathway is provided by the pyrimidine ring (Figs. 
1 and 2). From a single crystal study of CuPM an ex- 
change parameter J/kB = 36.3(5) K is derived [Icllllj. 
An additional Curie-like contribution to the magnetic 
susceptibility at low temperatures is observed. It varies 
strongly with magnitude and direction of the external 
field and is identified as the longitudinal component m s \\ 
of the total staggered magnetization m s . Following Refs. 
|lfj Hlj we denote with m s the magnetization induced 
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FIG. 1: A chain segment of [CuPM(N0 3 )2(H 2 0)2]n viewed 
along the 6-direction. For clarity, only the Cu ions and 
the pyrimidine molecules are shown. The directions of the 
different components to the magnetization, i.e., m u , m s = 
m s ^+m a ±, are illustrated on the middle chain segment. Note 
that the different staggered components are not to scale. 

by the staggered field which has both a staggered (m s ±) 
and a uniform (m s ||) component. In CuPM m s ii is only 
< 0.11 of m s and adds to the uniform magnetization m u 
induced by the external field H . The different contribu- 
tions to the magnetization induced by either the external 
or staggered field are illustrated in Fig. 1. 

We have performed NMR experiments between 5-200 
K in a magnetic field of 9.3 T. The single crystal was 
oriented with the ac-plane parallel to the external field. 
The NMR spectra of 13 C have been recorded using a 
progressive saturation sequence with constant delay and 
Hahn spin-echo detection. The NMR shift S is defined as 
the normalized difference between the observed resonance 
frequency u res and the calculated value for the bare nu- 
cleus, 5 — " res ~ 7 ^ oHo . 7 is the gyromagnetic ratio of the 
nucleus, Hq was determined from the 1 H-NMR resonance 
frequency of water at room temperature. In CuPM, the 
three inequivalent carbon sites CI, C2 and C3 with addi- 
tional hyperfine coupling to the nearest proton (I = 1/2) 
result in three pairs of resonance lines (Fig. 2) 0] . 

Fig. 3 shows the T dependent shift S of CuPM for H \ \ 
and _L to the copper chains for carbon site C2 . Each 
set of hyperfine doublets is represented by its average 
shift. 5 can be described by the sum of the chemical 
shift (Jo and the Knight shift K. While <7o represents 
the T independent orbital shift due to closed electronic 
shells, K = A-x(T) describes the hyperfine coupling to 
the paramagnetic electronic moments mainly residing on 
the Cu sites. Here, A is the hyperfine coupling constant, 
which can cither have positive or negative sign, and x(T) 
is the magnetic susceptibility. The solid and dashed lines 
in Fig. 3 represent the experimental bulk susceptibility x 
of CuPM for H || and _L chains. Clearly, x(T) is similar 
to (5(T) for T > 30 K. However, for H || chain distinct 
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FIG. 2: A typical 13 C-NMR spectrum of CuPM at 15 K in 
an external field of 9.3 T applied along the chain direction. 
The site assignment of the observed signals has been derived 
from the angular dependent NMR shift 8 at 200 K 




T(K) 

FIG. 3: The temperature dependence of the NMR shift 8 of 
CuPM for H 1 1 and _L chain for carbon site C2. The solid and 
dashed lines represent the corresponding experimental bulk 
susceptibility \- The proportionality constants between the 
scales for 8 and \ give the hyperfine coupling constants A\\ 
and A± for H || and _L chain, respectively. 



deviations are present for lower temperatures. 

A further comparison of the NMR shift 5(T) with x(T) 
for all three carbon sites is shown in Fig. 4. Here, 
the solid lines represent linear fits of the form 5(T) = 
ct +A-x(T) for T > 30 K. Whereas for H 1 chain this 
linear relation is obeyed in the full temperature range (5- 
120 K), a large deviation is observed below 30 K for H 
|| chain. In this geometry the transverse component of 
the staggered ma gnet ization m s ± results in an additional 
Knight shift K s 

K s is extracted from the data via K S (T) = (5(T)-<7o- 
A-x(T) and is shown in Fig. 5 (a) for sites CI, C2 and 
C3, respectively. The solid lines represent fits to K S (T) = 
Adip^i'C g /T+K StCorr . The hyperfine coupling constant 
for a staggered magnetization along the 6-axis, Adi Pt n, 
is calculated in localized dipole approximation within a 
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FIG. 4: NMR shifts S vs experimental magnetic susceptibil- 
ity x f° r CuPM with the external field H | and _L to the 
chain in the ac-plane. The solid lines are fits of the form 
S(T)=a +A-x(T) for T > 30K. 



sphere of 120 A centered at the respective carbon site. A 
small offset K s>corr rs -250 ppm had to be included since 
in this analysis the experimental value K S (30K) is fixed 
to zero. From the fitted parameters C s for the three car- 
bon sites we deduce independent values for m s _l , namely 
m s _L(Cl)=(0.07±0.01)|UB, m s± (C2) = (0.16±0.01)/x B and 
m s _L(C3)=(0.07±0.01)/i B at 10 K and = 9.3 T. 

In Fig. 5 (b) we compare the average of the experimen- 
tal results obtained from the three carbon sites, m s ± and 
(m u + m a \\), with results for the uniform z-component 
m u and the staggered x-component m s of the magneti- 
zation obtained by full diagonalization of the 5=1/2 
AFHC chain Hamiltonian (1) with N = 16 sites and pe- 
riodic boundary conditions. Here, we have used J/ks = 
36.5 K, a ratio of the staggered and uniform field h s /h u 
= 0.083 and g = 2.117 for H || chain [T^EH Compari- 
son with results for N < 16 (not shown) and for N = 20 
at T — 11] indicates that the data for N = 16 yield 
a good approximation to the thermodynamic limit at all 
temperatures. We find excellent agreement between ex- 
periment and theory in the whole temperature range. At 
10 K and 9.3 T || chain the ratio of the staggered mag- 
netization, m s ± — 0.13 fiB, to the total uniform one, 
{m u + m s ii) = 0.10 [lb , corresponds to a giant spin cant- 
ing of (52±4)° with respect to the external field. With 
decreasing temperature the spin canting increases even 
further, extrapolating to ~ 75°. 

In an independent approach to extract m s ± we mea- 
sured the angular dependence of 8 in the ac-plane at 200 
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FIG. 5: (a) The T dependent transverse staggered contri- 
bution to the Knight shift, K s , in CuPM with H || to the 
Cu chains. The solid lines are a parametrization to K s = 
Adip^i'Cs/T+K^coTr- (b) rnJT and (m u + m a \\), the experi- 
mental average of the three carbon sites of the staggered and 
total uniform components, respectively, in comparison with 
exact diagonalization calculations of a linear chain with N = 
16 spins for both, the staggered magnetization m 3 and m u . 
Note that the small offset (-0.02 [ib/ Cu atom) of the magne- 
tization scales between the experimental m s ± and calculated 
data results from the analysis which sets K 3 (30 K) = 0. 



K [3, 30 K and 10 K (Fig. 6). We take into ac- 
count anisotropic dipole and isotropic hyperfine coupling 
to the longitudinal susceptibility x +X m anisotropic 

— u — s 1 1 

dipole coupling to the transverse susceptibility x s± > an d 
the orbital shift rr: 



+Adi P ,ti ' K s 



(x„+x oll ) + ^Mx„ + x s ||) + 

a) ■ H. (2) 



The dipole hyperfine tensors for uniform and staggered 
susceptibility, A di ^ and A dip ^, are obtained by dipole 
field calculations as described above. In order to ade- 
quately describe the data one needs to take into account 
a finite moment transfer of 10% to the nitrogen atoms 
of the pyrimidine molecules in the calculation of A dip ^. 
The moment transfer is consistent with preliminary elec- 
tronic structure calculations 0] and it is close to the 
value observed in a molecular magnet system with MnCu 
antiferromagnetic chains 01 • We also considered a finite 
moment transfer to the nitrogen atoms in the calculations 
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Here, a 100% transverse moment on the Cu 
site yields the best description of our data and is used 
throughout this work. The orbital shift tensor a was cal- 
culated from erg measured 1 1 and _!_ to the chain [19( ■ For 
30 K the contributions from the staggered susceptibili- 
ties, x,, and X s j_; are nearly zero. Thus, to describe the 
experimental data at 30 K, A iso is the only fit parameter 
and is determined to: A is0tC \ — (0.05 ± 0.01)mole/emu, 
Aso,C2 = (0.38 ± 0.01)mole/emu and A is0jC3 = (-0.07 
± 0.01)mole/emu. 

Using the isotropic constants Ai SO determined at T 
= 30 K and the experimental values for y ,, from Ref. 

[lfj, the remaining parameter to fit our NMR shift data 
at 10 K is the transverse staggered susceptibility x sJ _- 
The solid lines in Fig. 6(b) represent the fits to Eq. 
(2). We obtain m s ±(Cl) = (0.09±0.01)/i B) m s± (C2) = 
(0.20±0.02)^ B and to s± (C3) = (0.06±0.01)Ai B for H \\ 
chain. These values are fully consistent with the results 
of the analysis of the temperature dependence of K s , as 
presented above. If the transverse staggered component 
H • A dip n • x s± ■ H is omitted in our description (dashed 
curves in Fig. 6(b)), our data cannot be reproduced. 

We believe that the variance of the results of m s ± for 
the three inequivalent carbon sites stems from the local- 
ized dipole approximation which we used to calculate the 
dipole hyperfine coupling tensors A dip . This indicates 
that in order to improve the description of our data the 
effect of derealization of spin-density ought to be con- 
sidered by means of extended electronic structure calcu- 
lations. 

In conclusion, we have performed 13 C-NMR experi- 
ments on [CuPM(N03)2-(H 2 0)2] n as function of tem- 
perature and magnetic field orientation. We extracted 
the transverse staggered magnetization as a low tem- 
perature deviation from the linear correlation between 
local and macroscopic susceptibility, and from the ori- 
entation dependence of the NMR frequency shift at 10 
K. The observed temperature dependence is in excellent 
agreement with theoretical results for the staggered S 
= 1/2 AFHC model. The observed giant spin canting 
highlights the strong influence of only weak residual spin 
orbit interactions in such systems. Our data also pro- 
vide detailed information on the hyperfine coupling in 
[CuPM(N03)2(H 2 0)2] n as well as on the absolute value 
of the staggered magnetization. 
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FIG. 6: The angular-dependent NMR shift S of CuPM at T 
= 30 K and 10 K, respectively, with the external field aligned 
in the ac-plane. For further details see text. 
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